Several Membrane Bioreactor (MBR) facilities have been constructed with the intent of providing Enhanced Biological Phosphorus Removal (EBPR), and several additional such plants are being designed and constructed. Full-scale plant information is now available for process designers to better understand the unique design and operating issues associated with the incorporation of EBPR designs in MBRs. This paper presents an overview of prior full-scale experience, defines four Fundamental Design Issues, and then presents the process flow diagrams and descriptions of the BNR and EBPR process designs that have evolved to date for MBRs. The paper then presents two innovative process designs currently being implemented in California and Nevada, and that may represent significant breakthroughs in process design for MBR systems.
INTRODUCTION
Membrane Bioreactors (MBRs) are generally not restricted in their biological process design, and many biological process designs have been used in combination with membrane technology to create MBR systems. Experience with MBRs suggests that the biological processes occurring within them, including biological nutrient removal processes, are well characterized using our existing knowledge and can be simulated using the International Water Association (IWA) activated sludge models (ASMs) . Nevertheless, several differences exist between conventional activated sludge BNR processes and MBRs, especially the nature of the return sludge stream from the membrane liquid-solids separation unit process. The principal differences include:
• The return sludge flow from conventional gravity-based clarifiers is generally equal to the process influent flow rate (between 50 and 150 % of the influent flow), while for an MBR the return sludge flow from the membrane liquid-solids separation module is significantly greater, generally two to four times the process influent flow.
• The dissolved oxygen (DO) concentration in the return stream from a conventional gravitybased clarifier is generally very low, while the DO concentration from a membrane liquidsolids separation module (especially a submerged membrane system) is generally quite high. This difference exists because submerged membranes are generally aerated to remove biological solids that accumulate around the membranes as mixed liquor is filtered through them.
Initial process designs for nitrogen removal often incorporated the principles of the Modified Ludzack Ettinger process, until it was realized that the recycle stream from the membranes was rich in oxygen content and therefore consumed much of the readily available COD in the influent, decreasing the denitrification potential. This same essential characteristic of MBRs, being the need to recycle an oxygen-rich mixed liquor from the membrane zone at rates of 250% to 400% of plant flow, has similarly affected several attempts to incorporate Enhanced Biological Phosphorus Removal (EBPR) principles and processes into MBR designs. Some of the design issues have been reported, and various EBPR designs for MBRs have been proposed . Some pilot-scale and full-scale information is available presenting both conventional and novel EBPR process designs and their performance (Fleischer et al, 2002 . Fleischer et al, 2005 . To date, all reported attempts to utilize EBPR within MBRs have shown limited success.
MBR Design Constraints
Initial attempts to incorporate EBPR into MBR designs generally utilized a VIP-type of configuration upstream of the major highly-recirculating aerobic stream that is common to all MBRs. Traverse City is the first large MBR plant to incorporate EBPR into its design, and a detailed analysis of that EBPR design and performance has previously been presented . The biological process at Traverse City is a variation of the Virginia Initiative Plant (VIP) process configuration, with adjustments made because of the highly oxygenated and nitrate-rich nature of the recirculating mixed liquor. Some chemicals can be added as a supplement to improve the removal of phosphorus. The Traverse City MBR has successfully met its effluent requirements and design objectives continuously since its startup in June of 2004, and throughout that time it has served as a research site for the evaluation of various process and design concepts. Figure 1 illustrates the Traverse City process layout and configuration, as well as the essential elements of MBR designs that constrain the use of EBPR designs in MBRs.
The "Mixed Liquor Recirculation from Membrane Tanks" presents two obstacles to optimum EBPR design -and presents these obstacles to any MBR process design being contemplated. One is that the Mixed Liquor Recirculation is highly aerated by the membrane air scour system, and typically contains a dissolved oxygen concentration of 4 mg/L or higher. For this reason, the recycle needs to be directed to an aerobic zone of the process prior to re-pumping, rather than directly to an upstream anoxic or anaerobic zone as might be possible with a conventional return sludge. Second, the rate of recycle is not set to optimize biological process requirements, but The consequence of these two obstacles in EBPR-MBR designs to date is that the downstream 70% or so of the biological process is highly aerobic and highly mixed. This can lead to prolonged aerobic conditions and reduced anaerobic conditions depending upon actual wastewater flows and recirculation rates, potentially releasing ortho-phosphate to the plant effluent. The full-scale MBR in Traverse City can achieve EBPR when the mixed liquor recycle rate exceeds 400% of plant flow, but is less reliable achieving EBPR when recycle rates are reduced. At lower recycle rates, the concentration (and inventory) of biomass increases in the membrane tanks relative to the upstream aerobic and non-aerated zones -reducing the fraction of the total biomass that is non-aerobic. As a result, the inventory of biomass in the anaerobic zone is reduced, and the potential for release of phosphorus in the aerobic zone is increased.
Other potential reasons for variable EBPR performance at Traverse City also exist, including variable and potentially unfavorable primary effluent wastewater characteristics, variable flows, simultaneous metal salt (ferric) addition to ensure compliance with effluent phosphorus requirements, and potentially incomplete mixing in one or more zones of the process.
FUNDAMENTAL DESIGN ISSUES
Based upon experience at several EBPR-in-MBR plants including Traverse City, a recurring set of process design issues has emerged. There are at least four fundamental design issues to be considered when designing MBR systems employing EBPR that are distinct from conventional EBPR designs. Three of these issues arise because of the fundamental difference in the return sludge flow quantity and quality for MBR systems, while a fourth is related to metal salt supplementation to ensure effluent compliance.
It is noted that flow equalization has often been employed at small MBR facilities, and that such equalization can in many ways simplify some of the design issues associated with EBPR. This discussion assumes that equalization is not provided, as would be the case for most MBR facilities of significant size.
Membrane-based Recirculation Flow
The function of the high rate of recirculation of mixed liquor from the membrane tanks, in the order of 350% to 400% of influent plant flow, is to maintain membrane performance rather than to optimize biological process operation. A minimum recirculation flow is required to protect the membranes against excessively high Mixed Liquor Suspended Solids (MLSS) concentrations, which if allowed to occur could reduce membrane flux (capacity) and increase the required frequency of cleaning of the membranes. This highly aerated recirculating flow contains high concentrations of Dissolved Oxygen (DO) and Nitrate (NO3), which can consume the readily degradable substrate in the influent wastewater thereby making it unavailable for use by Polyphosphate Accumulating Organisms (PAOs).
This design issue leads designers to direct the recirculating flow to an upstream aerobic zone, rather than directly to an anoxic or anaerobic zone, while providing an additional recycle flow from the aerobic zone to the upstream anaerobic and anoxic zones in order to transfer biomass. Although this avoids the recycle of DO and nitrate to the anaerobic zone, this type of cascading pumping arrangement leads to sequentially reduced MLSS concentrations as the biomass proceeds upstream. These reduced concentrations then offset one typical advantage of MBRs which is having a compact bioreactor.
Hydraulic Retention Time
When relatively high internal mixed liquor recirculation rates are discharged into compact reactor zone volumes that are typical of MBRs, the actual Hydraulic Retention Time (HRT) in the anaerobic and anoxic zones is significantly reduced compared to conventional designs. Process simulation models meanwhile assume that each modeled zone represents a completely mixed reactor. The actual mixing regime provided in designed MBR systems may not be equivalent to the modeling assumption, resulting in model predictions showing more favorable performance than would occur in systems experiencing some short-circuiting in one or more zones. There is therefore a need for effective mixing zones at the inlets to each anaerobic and anoxic zone, and in particular in zones into which recirculating flows are being transferred.
The design of foam management systems for MBRs can also affect the HRT and short-circuiting potential of anaerobic and anoxic zones in MBR systems. Foam management design for MBR systems is typically based upon overflow from zone to zone, so that foam is not trapped and is transported to a single location for removal. Sequential overflow designs can lead to short circuiting unless each zone is effectively vertically mixed in the inlet area to ensure that the overflowing streams make full use of the zone volumes.
Operation at Reduced Recirculation Rates
Most constructed plants operate, at least initially, at partial capacity. The ML recirculation rate is typically designed to be 350% or 400% of the Maximum Month wastewater flow. To reduce energy consumption and operating costs, the normal tendency of an operator can be to reduce the ML recirculation flow rate. However, for a given Solids Retention Time (SRT) this will result in a higher concentration of MLSS residing in the membrane area and a lower MLSS concentration residing in the upstream anaerobic and anoxic zones, with resulting detrimental effects on EBPR.
Supplemental Metal Salt Dosage
Most if not all EBPR systems employ some supplemental metal salt addition in order to ensure effluent compliance, particularly if the effluent compliance limit for Phosphorus (P) is low. Due in part to the three fundamental design issues already described, EBPR processes may not be as robust in MBR systems as in conventional clarifier-based EBPR systems, and variations in effluent P concentration may be more severe. In such cases, as with conventional systems, operators may attempt to increase the supplemental metal salt dosage to remove the incremental Phosphorus mass that is in excess of the compliance limit. However, as with conventional systems, even moderate over-dosing can precipitate too much of the available soluble P, reducing the competitive advantage of PAOs and leading to a temporary reduction or loss of EBPR.
Design Guidelines Summary
The above discussion leads to four design guidelines for the incorporation of EBPR processes in MBR designs. These guidelines will be referenced in the remainder of this paper as the paper presents the development of EBPR processes in MBR design, and in particular as two innovative process designs are presented and described.
1. The membrane tank recirculation flow should be transferred to an aerobic zone, and an additional recirculation flow should be provided from a location prior to the membrane tanks to the upstream anaerobic and anoxic zones. A preferred design incorporates these recirculation flows in such a manner that they do not significantly reduce the MLSS concentrations in the various anaerobic and anoxic zones.
2. Provide intense and complete mixing at the inlet to each zone where flow streams are combined. Recognize the need to implement the equivalent complete-mix characteristics into the design that are assumed in the process design simulation model. Provide vertical and lateral mixing at the zone inlet, particularly if the transfer of normal flows from zone to zone is by overflow for foam management reasons.
3. Provide minimum recirculation flow rates relative to actual plant flows, in order to maintain suitably high proportions of the biomass inventory in the anaerobic and anoxic zones. Provide control system design and operator instructions with respect to these minimum flows.
4. If supplemental metal salt is added, then provide controls and operator instructions to avoid overdosing during periods when the effluent quality may be near or possibly above effluent compliance limits.
REVIEW OF DESIGNS TO DATE
Figure 2 presents a comparison of various MBR designs implemented to date to achieve biological nitrogen and phosphorus removal. Figures 2a and 2b demonstrate the evolution previously described from a Modified Ludzack Ettinger flow pattern to two-stage recirculation pumping. This improvement satisfied Design Guideline 1 -avoiding the transfer of high concentrations of Dissolved Oxygen to the anoxic zone, and thereby avoiding the unnecessary consumption of available substrate in the influent by aerobic activity. Figure 2c presents the Traverse City design, a 32,000 m 3 /day maximum month, 64,000 m 3 /day peak hourly flow WWTP with effluent ammonia and total phosphorus limits (Crawford and Lewis, 2004 a,b) . Effluent treatment goals include 4 mg/L each for 5-day biochemical oxygen demand (BOD 5 ) and total suspended solids (TSS), 1 mg-N/L for ammonia, and 0.5 mg-P/L for total phosphorus (TP). Removal of total nitrogen is not a permit requirement, however nitrogen removal capabilities were provided to enable more complete biological phosphorus removal and also to reduce process energy requirements. Full-scale testing and process modeling using the IWA ASM No. 2d implemented using the PRO2D process simulator (Daigger, et al., 1998) has been conducted . The results indicate that the process can be simulated using IWA ASM No. 2d when the influent wastewater is properly characterized. Phosphorus release and uptake was demonstrated to occur through the bioreactor, both through modeling and through full-scale testing, as would be expected for a bioreactor having an initial anaerobic zone. Process modeling also demonstrated the benefit of directing the high DO recirculation stream from the downstream membrane tank to the aerobic zone, rather than the anaerobic or anoxic zones . The Traverse City design satisfies, to various degrees of effectiveness, Design Guidelines 1, 2, 3 and 4, and the operating staff is working diligently to optimize the control of metal salt addition and to optimize recirculation rates in particular. With respect to Guideline 1, the concentration of biomass in the anaerobic and anoxic zones is significantly lower than in the aerobic zones. Figure 2d represents a significant recent breakthrough in MBR process design for plants requiring nitrogen removal. The process combines step feed technology with nitrogen removal process design principles, and in so doing maximizes the concentration of biomass in the anoxic zones. Process designs for the Ventura County Piru Wastewater Treatment Plant and for the Newhall Ranch Water Reclamation Plant are currently implementing this process design. The process design includes three innovative elements:
1. A secondary anoxic zone within that portion of the plant that includes the high-rate mixed liquor recirculation flow, 2. A second recirculation flow from the aerobic zone upstream of the secondary anoxic zone to the initial anoxic zone, and 3.
Step feeding of the influent wastewater with approximately 50% of the influent directed to each of the initial and secondary anoxic zones. This configuration represents a breakthrough for Guideline 1, as it provides an initial anoxic zone concentration that is 70% or more of that in the membrane tank. The process is effective for nitrogen removal -effluent qualities of 5 mg/L as Total Nitrogen are predicted.
RECENT DESIGN DEVELOPMENTS
Two other recent design developments for EBPR in MBR systems are presented in Figures 3 and  4 , representing the designs for the Loudoun County Broad Run Water Reclamation Plant and the Henderson Nevada Southwest Water Reclamation Facility. These two facilities satisfy the four design guidelines identified above, and in so doing maximize the concentrations of biomass in the various anaerobic and anoxic zones.
The Loudoun County EBPR Improvement
Several process designs tested at pilot scale at Loudoun County have been reported Fleischer, et al., 2005; Fleischer, et al., 2002) . The process design actually being implemented at Loudoun County is presented in Figure 3 .
The Loudoun County Broad Run Water Reclamation Plant is required to meet strict effluent criteria that include 3 mg/L Total Nitrogen and 0.1 mg/L Total Phosphorus. Alum addition will be used to trim the effluent phosphorus concentration; however the use of EBPR is intended including the incorporation of anaerobic and anoxic zones within the bioreactor. More extensive nitrogen removal is achieved by adding a secondary anoxic zone downstream of the main aerobic zone and within the high-rate recirculation portion of the MBR, thereby creating the equivalent of the Bardenpho process used in systems with conventional gravity-based clarifiers. Methanol will be added to that secondary anoxic zone to optimize nitrate reduction. This configuration has been pilot tested in support of the design of the 45,000 m 3 /day maximum month, 113,000 m 3 /day peak flow, capacity Broad Run Water Reclamation Plant (WRP) currently under construction for the Loudoun County Sanitation Authority, Virginia, USA. This plant is being designed as an MBR to achieve effluent TN concentrations less than 3 mg-N/L and total phosphorus (TP) concentrations less than 0.1 mg-P/L, both on a monthly average basis.
Figure 3: Biological Process (EBPR) Configuration at Loudoun County
One breakthrough innovation at Loudoun County is the placement of an anoxic zone (Stage 5) within the mixed liquor recirculation loop, and with the addition of methanol to that anoxic zone to support denitrification. This innovation allows a more concentrated denitrified mixed liquor to be recycled upstream to the anaerobic zone, more assuredly maintaining a higher fraction of the biomass under non-aerobic conditions than prior EBPR configurations for MBRs.
Experiences such as Traverse City (discussed above) demonstrate that biological phosphorus removal can be incorporated into MBRs. However, to achieve the lowest effluent TP, chemical phosphorus removal must also be incorporated. It was hypothesized ) that combining biological with chemical phosphorus removal could lead to stable biological performance (including the removal of biodegradable organics and nitrogen removal), acceptable membrane flux rates, and low effluent TP concentrations. Incorporation of biological phosphorus removal would result in the accumulation of an inventory of phosphorus that would be released in the anaerobic zone and would therefore be available in the downstream anoxic and main aerobic zones. The released phosphorus could subsequently be taken up, to the maximum potential extent, in the aerobic zone. Then, metal salts would be added to the influent to the membrane zone to reduce the residual ortho-phosphorus concentration to the maximum extent at a location within the bioreactor where only physical reactions (liquid-solids separation) are needed.
This hypothesis was tested in the Broad Run WRP pilot test discussed immediately above (Fleischer, et al., 2005) . Even though the test wastewater was not particularly favorable for biological phosphorus removal, the results demonstrated that the combination of biological and chemical phosphorus removal within an MBR, implemented as described above, could produce an effluent with a very low effluent TP concentration. Although the treatment goal was 0.1 mg-P/L, the ability to produce an effluent in the range of 0.02 to 0.05 mg-P/L was demonstrated. As the solubility of aluminum phosphate is in the range of 0.02 to 0.03 mg-P/L (Sedlak, 1992) , this represents "near perfection" in process performance. It also points up one of the benefits of membrane systems -the concentration of particulate and colloidal matter in the effluent, and its associated phosphorus, is reduced to very low levels. Thus, process performance is limited by the solubility of the metal salt used to precipitate the residual phosphate. It is noted that Guideline 4 continues to be important for such systems, being the controls and operator instructions to avoid the overdosing if metal salts when maintaining effluent compliance.
The Henderson EBPR Improvement
The Henderson, Nevada, Southwest Water Reclamation Facility (SWRF) is presently in the final design stage. The EBPR process design for this MBR builds upon the knowledge and test work conducted at Traverse City and Loudoun County. The control of phosphorus release by excessive aerobic biomass and lower-concentration non-aerated conditions is addressed in a similar manner to that at Loudoun County, by incorporating a secondary anoxic zone within the mixed liquor high-rate recirculation portion of the process. Through creative process design and modeling, a significant variation of the Loudoun County EBPR process has been developed that both reduces the number of recycles within the overall process while increasing the phosphorus removal efficiency and reliability within similar or smaller tank volumes. That new innovation, presented for the first time, incorporates step feed technology. Figure 4 presents the process design for the Southwest Water Reclamation Facility. Step feeding of the influent wastewater with approximately 50% of the influent directed to each of the initial and secondary anoxic zones.
This configuration represents a breakthrough for Guideline 1, as it provides an initial anoxic zone concentration that is 60% or more of that in the membrane tank. The process is effective for nitrogen removal -effluent compliance requirements of 10 mg/L as Total Nitrogen will be satisfied, and concentrations of 6 mg/L are predicted. The process is also effective for Phosphorus Removal -effluent compliance requirements of 0.2 mg/L (initial) and 0.1 mg/L (future) will be satisfied. Although provisions are made for the addition of ferric salt to the final aerobic zone, it is anticipated that the effluent phosphorus requirement will be met through the use of EBPR. Excess sludge will be wasted from the anaerobic zone of the process, where the soluble ortho-phosphate concentration will be highest. The wasted sludge will be dosed with ferric salt prior to transport to the centralized sludge management system at the Henderson Water Reclamation Facility, in order to minimize any effects of soluble-P recycles on the processes at that plant. Compared to Loudoun County, the function of methanol addition to the secondary anoxic zone is replaced by the use of step feeding of the influent wastewater.
Step feed is not viable at Loudoun County because of the very low compliance requirement for nitrogen removal at that plant. Although not implemented at Henderson, a methanol addition provision could be added, with the objective of minimizing the methanol addition through the use of step feed to the greatest degree possible while still maintaining superior effluent quality.
Compared to the Step Feed MBR for Nitrogen Removal process, the source for the recirculation of biomass to Zone 1 is from the secondary anoxic zone rather than the aerobic zone just upstream of the secondary anoxic zone. Although both source locations are within the high-rate recirculation portion of the MBR, and therefore both systems maximize the biomass concentration in the non-aerated zones, transfer from the secondary anoxic zone is preferred to better protect the anaerobic zone from nitrate loads. This change also explains the relatively higher effluent nitrogen concentrations predicted.
CONCLUSIONS
Various process and operational limitations related to the use of EBPR technology within Membrane Bioreactors that have been designed to date are presented. These limitations are unique to MBRs, due to the essential requirement to recirculate a highly oxygenated mixed liquor stream at 250% to 400% of plant flow. Process flow diagrams and descriptions for processes developed to date are used to illustrate four proposed Fundamental Design Issues and Design Guidelines. Two recent full scale plant designs are then discussed, for Loudoun County, VA, and Henderson, NV, each incorporating differing and significant EBPR design breakthroughs that address these MBR limitations.
